Author Contributions: B.B. performed the phylogenetic analysis. J.C.M. performed the homology 10 modeling, split-luciferase complementation, co-localization, MAPK assays, and Pto DC3000 11 infections. N.K.C. generated the agb1 drw1-1, agb1 drw2-1, and drw1 drw2 mutants, performed 12 the A. brassicicola fungal infections and contributed to Pto DC3000 infections. J.C.M. interpreted 13 the results and wrote the manuscript. 14 15 ABSTRACT 16 Plant heterotrimeric G proteins transduce extracellular signals that activate plant immunity. Plants 17 encode canonical and non-canonical Gα and Gγ subunits, but only a single canonical Gβ subunit 18 is known. The existence of only one Gβ subunit limits the number of heterotrimeric G protein 19 combinations able to transduce different signals. It remains unknown whether non-canonical Gβ 20 subunits exist. Here, we identify two WD40-repeat genes that negatively regulate plant immunity.
INTRODUCTION
Plants respond to and survive the many different environmental stresses they are subjected to, 35 including pathogen infection. Plants perceive pathogens through the utilization of cell surface were upregulated in response to some bacterial pathogens and the fungal pathogens P. infestans, 145 Botrytis cinerea, and Golovinomyces orontii. However, DRW5 was down regulated upon PAMP 146 treatment. Aside from DRW3, gene expression in this family was opposite from that of the 147 canonical Gβ AGB1 upon biotic stress, which is generally upregulated upon PAMP and pathogen 148 infection. The identification of these DRW genes and their response to biotic stress suggest them 149 to be potential non-canonical Gβ subunit candidates. to AGB1. To gauge the evolutionary relationship between the DRW protein family and AGB1, we 155 performed a multiple sequence alignment of all 168 seven-tandem repeat WD40 proteins in the 156 Arabidopsis genome using Clustal Omega. We generated a maximum likelihood phylogenetic tree 157 using the Clustal Omega data. We found that the DRW protein family clustered into its own protein 158 family, which was phylogenetically distinct from AGB1 (Figure 2A ). Sequence identity analysis 159 showed a high level of sequence identity (approximately 57%) within the DRW protein family.
160
DRW1 and DRW2 shared the highest level of homology, with an 89% protein sequence identity 161 ( Figure 2B ). Protein sequence identities between the DRW protein family, AGB1, and the human 162 Gβ subunit GUANINE NUCLEOTIDE-BINDING PROTEIN SUBUNIT β-1 (GNB1) were below 163 20%. However, sequence identity between AGB1 and GNB1 was 46%. While the DRW protein 164 family was distinct from AGB1, the DRW protein family was more related to AGB1 than other Figure 2A ). As these known WD40 proteins did not contain the N-terminal α-helix that facilitates 169 the interaction with the Gγ subunit and promotes localization of the Gβ subunit to the plasma 170 membrane, they were selected as controls for this experiment. Protein sequence identity between 171 the DRW protein family and AtRACK1A was below 20% suggesting that the DRW protein family 172 is unrelated to the RACK1 proteins ( Figure 2B ). These results provide further support that the 173 DRW protein family may contain non-canonical Gβ subunits.
174

DRW1 and DRW2 predicted protein structures are similar to the canonical Gβ subunit 175
Protein structure is indicative of functional homology between two proteins. To determine if 176 structural homology exists between AGB1 and the DRW proteins, we used the Phyre2 Protein 177 Fold Recognition Server to predict the structure of the DRW proteins. This algorithm uses 178 homology detection methods to predict the secondary and tertiary structures to build a 3D model 179 of the protein of interest (Kelly and Sternberg, 2009). We chose to analyze DRW1 (AT1G55680) 180 and DRW2 (AT3G13340) due to the high protein sequence identity between these two proteins, 181 the similarity of their expression patterns in response to biotic stress, and the availability of T-182 DNA insertion mutants for DRW1 and DRW2 but not the other DRW family members. DRW1 and 183 DRW2 were predicted to form an asymmetrical seven-bladed β-propeller with an N-terminal tail.
184
Moreover, predicted protein structures of DRW1 and DRW2 were more similar to the canonical 185 Gβ subunit AGB1 and the human Gβ subunit GNB1 than the Arabidopsis WD40 repeat protein 186 RACK1A, which lacks the N-terminal tail ( Figure 3A ). Interestingly, DRW1 and DRW2 contained 187 an additional 50 amino acids at their N-termini that are absent in AGB1 or GNB1, suggesting the 188 N-terminus of DRW1 and DRW2 may have novel functions in addition to interacting with the Gγ 189 subunit. Our protein homology results provide further support that DRW1 and DRW2 are potential to form a coiled-coil domain at its N-terminus ( Figure 3B ). This is similar to HsGNB1 and AGB1, Figure 4A ). Small 208 populations of DRW1 co-localized to the plasma membrane with FLS2 whereas the majority of 209 DRW1 did not, suggesting cytoplasmic localization ( Figure 4A ). In concordance with our 210 structural studies on the DRW1 protein, DRW1 was not stably localized to the plasma membrane, reducing the likelihood that it functions as a non-canonical Gβ subunit. However, our data shows 212 that DRW2 localizes at the plasma membrane, suggesting that it functions as a Gβ subunit.
213
The plant vacuole pushes the cytoplasm against the plasma membrane, making plasma membrane protein. If the two proteins interacted, the two halves of the luciferase protein would reconstitute 233 luciferase activity. When AGB1 was co-expressed with either AGG1 or AGG2, their interaction 234 produced luminescence that was significantly higher than the control proteins expressed in 235 Arabidopsis protoplasts. However, DRW1 co-expression with AGG1 or AGG2 showed no 236 interaction, indicating that DRW1 did not interact with either Gγ subunit. When DRW2 was co-237 expressed with AGG1 or AGG2, DRW2 interacted with AGG1 and AGG2, though luminescence 238 was not as high as the AGB1-AGG1 or AGB1-AGG2 interaction ( Figure 5A ). This suggests that 239 DRW2 interacts with AGG1 and AGG2, albeit with a lower binding affinity than the AGB1-240 AGG1/2 interactions. AGB1 expression with GPA1 in protoplasts showed interaction, which is in Figure 5B ). These data, in combination with our structural modeling studies, suggest that DRW2 246 is likely a non-canonical Gβ subunit.
247
Loss of DRW1 and DRW2 increases the levels of MAPK activation upon flagellin treatment 248
In order to understand the function of DRW1 and DRW2 in immunity, we wanted to investigate 249 the phenotypes of the drw1 and drw2 loss-of-function mutants. To do this, we isolated two T-DNA 250 insertion mutant alleles in DRW1 and one T-DNA insertion mutant in DRW2 that were obtained 251 from the Arabidopsis Biological Resource Center ( Figure S1A ). The two T-DNA insertion alleles 252 of DRW1, which we named drw1-1 and drw1-2, have T-DNA insertions in the fourth and ninth 253 exons, respectively ( Figure S1A ). The drw2 mutant, drw2-1, has a T-DNA insertion in the 5' 254 untranslated region of DRW2 ( Figure S1A ). To test if these mutants were loss-of-function 255 mutations, we performed qRT-PCR to quantify DRW1 and DRW2 transcript levels in the drw1-1 256 and drw2-1 mutants ( Figure S1B ). Both the drw1-1 and drw2-1 single mutants showed very low 257 levels of DRW1 and DRW2 transcripts in their respective mutants, suggesting that they are gene 258 knockdown mutants ( Figure S1B ).
259
The heterotrimeric G proteins activate immune signaling downstream of the FLS2 receptor (Liu Figure 6A ). We performed semi-quantitation analysis on total activated MAPK levels in these 265 mutants, and the drw1 and drw2 single mutants exhibited elevated levels of MAPK activation in 266 response to flg22 treatment ( Figure 6B ). Our MAPK data suggests that DRW1 and DRW2 267 negatively affect MAPK activation in response to physiological concentrations of flagellin.
268
The genetic relationship between DRW1, DRW2, and AGB1 is unknown. To better understand the 269 genetic relationship between AGB1, DRW1, and DRW2, we created agb1 drw1-1 and agb1 drw2- Furthermore, the agb1 drw1-1 and agb1 drw2-1 double mutants had similar elevated MAPK 274 activation levels as the drw1 and drw2 single mutants in response to flagellin ( Figure 6A and B) .
275
The lack of a phenotype in the agb1 single mutant makes the determination of whether AGB1, Figure 7A ). We performed semi-quantitation on total activated MAPK levels in the 284 drw1, drw2, and the drw1 drw2 mutants. Activated MAPK levels in the drw1 and drw2 single 285 mutants were similar to the drw1 drw2 double mutant ( Figure 7B ). This data suggests that DRW1 Figure 8A ). The lesion diameters of the drw1-1 and drw2-1 single mutants were greater 296 than the wild type lesion diameter but smaller than the lesion diameter of the agb1 mutant.
297
Interestingly, the agb1 drw1-1 and agb1 drw2-1 double mutants exhibited restored A. brassicicola 298 susceptibility back to wild-type levels ( Figure 8A) . In contrast, the drw1-1 drw2-1 double-mutant 299 exhibited an increased resistance to A. brassicicola infection compared to wild type, which is in 300 agreement with the MAPK activation experiments above ( Figure 8A and 7) . This suggests that 301 DRW1 and DRW2 act in the same immune signaling pathway, possibly non-redundantly, in 302 response to the fungal pathogen A. brassicicola. In light of this, the phenotypes of the agb1 drw1- 303 1 and agb1 drw2-1 suggests that the DRWs and AGB1 may function in separate fungal immunity 304 pathways. However, the increase in susceptibility in the drw1-1 and drw2-1 single mutants 305 complicates this, and suggests that additional work is necessary to solve this discrepancy. 306 Our data indicate that DRW1 and DRW2 negatively regulate immunity in response to fungal 307 infection. However, it remains unknown whether DRW1 and DRW2 also negatively regulate 308 immune signaling in response to bacterial infection. To determine if DRW1 and DRW2 negatively 309 regulate immunity against bacterial pathogens, we infected plant leaves with the bacterial pathogen 310 Pseudomonas syringae Pto DC3000 and then measured the number of bacteria growing in the 311 extracted leaves. The drw1-2 and drw2-1 single mutants exhibited an increased resistance to Pto 312 DC3000 compared to those in wild type and the susceptible agb1 mutant ( Figure 8B and C) . The 313 agb1 drw1-1 and agb1 drw2-1 double mutants were as susceptible as the agb1 mutant ( Figure 8C ).
314
The drw1 drw2 double mutant was resistant to Pto DC3000 infection similar to the drw1 and drw2 315 single mutants ( Figure 8B and C) . This suggests that DRW1 and DRW2 are negative regulators of 316 immunity that function in the same immune signaling pathway. Furthermore, our data suggests 317 that AGB1, DRW1, and DRW2 regulate bacterial immunity through the same pathway, and that 318 AGB1 is downstream of DRW1 and DRW2. In this study, we identify a WD40-repeat gene family named DEFENSE REGULATED WD40-326 REPEAT (DRW). This gene family consists of five genes (DRW1-5), of which DRW1 and DRW2 327 were transcriptionally repressed upon either bacterial or fungal pathogen infections. Protein 328 structure homology analyses showed that DRW1 and DRW2 were predicted to form a β-propeller 329 that is similar to AGB1. Moreover, DRW2 was predicted to form an N-terminal α-helix, serving 330 as a coiled-coil domain. Since no protein structure is available of the plant Gβ subunit, future 331 structural studies of AGB1, DRW1, and DRW2 interacting with a Gγ subunit are necessary to 332 validate these predicted protein structures. with the canonical heterotrimeric G proteins that we observed in the protoplast experiments. Small 339 populations of DRW1 localized to the plasma membrane, but DRW1 did not interact with GPA1 340 or AGG1 and AGG2. However, DRW1 may interact with the non-canonical Gα (XLG1/2/3) and 341 Gγ (AGG3) subunits rather than the canonical G proteins, although further studies are needed.
342
In accordance with the transcriptional expression data, gene knockdown mutants of DRW1 or 343 DRW2 had increased MAPK activation in response to flagellin treatment, unlike the agb1 mutant 344 which was similar to wild type. Moreover, the drw1 and drw2 mutants had increased resistance to 
